Introduction
Global terrestrial near-surface (~10-m height) wind speed exhibited an average decline of −0.140 meters per second per decade (m s −1 dec −1 ) over the past 50-years (McVicar et al. 2012) . This "stilling" (Roderick et al. 2007 ) has been attributed to various causes; see Azorin-Molina et al. (2014 and McVicar et al. (2012) , and the relevant references therein. The identification of the exact cause(s) is still unresolved. Global terrestrial stilling is not ubiquitous (McVicar et al. 2012) , as positive trends are reported for coastal (Pinard 2007), high-latitudes (i.e., >70º; McVicar et al. 2012; Minola et al. 2016) , or the last decade for some regions (Kim and Paik 2015; Dunn et al. 2016) . Contrary to terrestrial stilling, Wentz et al. (2007) reported increased wind speed trends over oceans globally of +0.080 m s −1 dec −1 (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) using special sensor microwave/imagers (SSM/Is), and Tokinaga and Xie (2011) found an increase in wind speed of the same magnitude, i.e. +0.084 m s −1 dec −1 adjusting ship-based anemometer readings, and of +0.134 m s −1 dec −1 ) using SSM/Is. Young et al. (2011) also analyzed wind speed trends over the ocean from satellite altimeter observations, reporting wind speed trends of higher magnitudes (+0.192 m s −1 dec −1 ; 1991-2008) . Additionally, to date, no previous study has assessed long-term wind speed trends and variability simultaneously in the boundary layer (i.e., below the trade-wind inversion layer; hereafter TWIL) and in the lower free troposphere (i.e., above the TWIL) from land-based stations. McVicar et al. (2010) revealed that wind speeds are decreasing more rapidly at higher elevations for two inland mountainous regions, with the high-elevations sites likely still in the boundary layer (so below any TWIL). In contrast, Vautard et al. (2010) reported that upper-air (observed at an altitude of 850 hPa and above) rawinsonde wind speed data do not show a declining trend, and in some regions (e.g., Western Europe and North America) experienced wind increases during last three decades. Noting herein McVicar and Körner's (2013) definitions for 'elevation' (i.e., vertical distance between a point on the land surface and a reference point-usually mean sea level) and 'altitude' (i.e., vertical distance between an object-e.g., parcel of air-and a reference point/stratum without direct physically connection existing) are used.
Because of these discrepancies in observed near-surface wind speed trends at the land (i.e., negative trends)-ocean (i.e., positive trends) interface, and the uncertainties in trends below-above the TWIL (which is hampered by the few studies of wind speed trends in the lower free troposphere) further investigation is needed. This is especially the case if both aspects can be studied simultaneously, which has previously not been performed. The Canary Islands, surrounded by sea and with land-surface elevations exceeding 3700 m, provides the opportunity to simultaneously assess both land-ocean and below-above TWIL wind-speed trends. The subtropical Canary Island archipelago and the surrounding Eastern North Atlantic Ocean is an understudied region, and therefore this study fills the gap in the global wind speed trends compiled by McVicar et al. (2012) . Additionally, this represents a key region (i.e., a 'hot-spot', as it is halfway between tropical and subtropical areas) for studying tradewind variability associated with the subtropical high pressure belt (i.e., Azores high pressure) and the dominance of north-easterly trade-winds that blow out of the equatorward flank of this subtropical anticyclone system. Hence our objectives are to: (1) report for the first time wind speed variability over the Canary Island and surrounding Eastern North Atlantic Ocean for 1948-2014; (2) simultaneously assess wind speed trend differences across the land-ocean interface, and below-above the TWIL; and (3) investigate the role played by changes in the large-scale atmospheric circulation on the spatio-temporal variability of wind speed, with focus on trade-winds.
Study area and datasets

Study area
The Canary Islands are an archipelago located between 27.6°-29.4°N, and 13.3°-18.2°W, in the subtropical Eastern North Atlantic region (Macaronesia) greatly affected by the Azores high pressure system and associated trade-winds (Cropper and Hanna 2014) , approximately 100-km west from the African continent ( Fig. 1 ). All seven islands are volcanic in origin with very complex steep terrain (high surface roughness). The overall average elevation is 532 m a.s.l. (standard deviation of 372.6 m), and Mount Teide (3718 m a.s.l.) on Tenerife is the maximum elevation. The islands have a subtropical climate characterized by warm air temperatures throughout the year (mild winters with a mean air temperature >20 °C), low precipitation (<225 mm year −1 ; east islands are desert with <100 mm year −1 ) and high sunshine (>2800 h year −1 ). Prevailing north-easterly tradewinds driven by the Azores high pressure system dominate below ~1500 m a.s.l. (Carrillo et al. 2016) ; which bring moisture, Stratocumulus fog and occult precipitation, forming subtropical dense forests on some well-exposed northern and north-easterly areas (García-Santos et al. 2004) . Our study area extends out to the surrounding Atlantic Ocean (Fig. 1) to assess wind speed trends across the land-ocean interface and to account for local wind jet/shadow areas due to interisland and coastline morphology.
Land wind speed observations
Observed land wind speed data were recorded at 'first-order' meteorological stations (i.e., maintained by official weather service staff that ensured measurements to be accurately and periodically calibrated and handle with care) and supplied by the State Meteorological Agency of Spain (AEMET). All stations are airports, except for the high mountain Izaña Atmospheric Observatory, which also ensure less immediate proximal environment changes. Wind speeds were measured using two types of anemometers (specifically the anemograph universal 82a and anemometer SV5; for descriptions see Azorin-Molina et al. 2014) and assumed (in the absence of metadata) to be acquired at the standard World Meteorological Organization (WMO) height of 10 m. Raw monthly wind speed data (in m s ) supplied by the AEMET were derived from daily mean wind speed data averaged from standard 10-min mean observations made at 0000, 0700, 1300, and 1800 UTC (i.e., a difference of 1 h for two of the WMO's standard observing times of 0600 and 1200 UTC). Monthly means were computed for days with three or more observations a day and for those months having at least 26 days observed, and if not, the whole day or month was excluded and set as missing (Azorin-Molina et al. 2014) . The raw terrestrial wind speed dataset across the Canary Islands comprises nine series, with high representativeness of the archipelago. The observational land-based station network observes two key tropospheric layers, with: (1) eight lowelevation land-stations located near the coast and below the TWIL where trade-winds dominate; and (2) one mountain weather station above a quasi-permanent marine boundary layer in the Izaña Atmospheric Observatory at 2373 m a.s.l (http://izana.aemet.es/index.php?lang=en; last accessed 1 June 2017) where free-troposphere winds (almost permanent north-westerly flows above the TWIL) prevail (Cuevas et al. 2013) . Therefore, wind speed within and above TWIL have been homogenized and analyzed separately.
Observed wind speed datasets were subjected to a quality control and homogenization protocol to remove systematic errors (i.e., inhomogeneities) due to multiple causes (Pryor et al. 2009 ) and uncertainties due to the lack of metadata. A first quality control (Aguilar et al. 2003) was conducted by AEMET which removed anomalous daily data and checked for data consistency, discarding gross errors (outliers) due to archiving, transcription, and digitalization (El Kenawy et al. 2013) . For the eight stations located below TWIL we used the recently developed relative homogeneity test HOMER (HOMogenization softwarE in R). This semi-automatic homogenization tool compares each candidate series with a number of available series without the need of creating reference series (Mestre et al. 2013) ; its use is supported by Venema et al. (2012) . The fully automatic joint segmentation with a partly subjective pairwise comparison of HOMER ensures the detection of inhomogeneities in wind speed time series without having comprehensive station metadata describing artificial changes in the series. HOMER used all eight wind speed series to each candidate station to check for break points and selected ratios as a measure for annual comparisons. This homogenization approach was applied to each of the eight observed wind speed series, in turn, correcting the detected breaks and filling data gaps based on Eq. (8) of Mestre et al. (2013) . For the Izaña Atmospheric Observatory, because of: (1) its location above the TWIL; (2) different wind speed variability in the free troposphere; and (3) the lack of neighboring similar-environment stations, the homogenization was applied independently by using wind speed at the 700 hPa geopotential height (~3000 m a.s.l. representing the free troposphere and not affected by trade-winds; grid-point 27.5°N-17.5°W) from the NCEP/NCAR reanalysis (Kalnay et al. 1996) as reference series. Even though reanalysis datasets may also be affected by breakpoints (Sterl 2004) , annual Pearson's correlation coefficient (r) of the first differences between wind speed at the Izaña Atmospheric Observatory and wind speed at the 700-hPa geopotential height is 0.7, with monthly r-values ranging from 0.9 (January) to 0.3 (June) when the strongest and weakest synoptic winds occur, respectively (Cuevas et al. 2013 ). These correlation coefficients are comparative to other references series used in previous homogenization studies (Azorin-Molina et al. 2014; Minola et al. 2016 ). We adopted a conservative approach in homogenizing this wind speed series by only adjusting statistically significant breakpoints (at the 5% level) when the relative Alexandersson's Standard Normal Homogeneity Test (SNHT; Alexandersson 1986 ; using the AnClim package developed by; Stepanek 2004) detected a number of monthly inhomogeneities around the same year. For data completeness, we filled missing values by using the abovementioned reanalyzed wind speed.
Thus, the observed wind speed dataset consists of nine homogenized series across the Canary Island archipelago (see Fig. 1 ~5-10) are enough to capture the decadal variability and trends of wind speed. As the temporal coverage of these nine wind speed time series is very heterogeneous (see Table 1 ), with digitized data starting at different decades and suffering from a substantial lack of records prior to 1981, we reported the land near-surface wind speed dataset during the 34-year 1981-2014, and especially focused on the common 1989-2014 extent (see below).
Ocean wind speed hindcasts: SeaWind
Two ocean wind speed datasets are used here to analyze wind speed trends in the subtropical Eastern North Atlantic Ocean surrounding the Canary Islands: (1) SeaWind I, a 30-km horizontal resolution hindcast product derived from initial and boundary conditions supplied by the NCEP/NCAR reanalysis I ; this long-term product minimizes the constraint of short (i.e., last three decades) data availability of previous studies (Wentz et al. ) . Vertically, the model comprised 42 hybrid full levels (14 additional levels were added in between the lowest eta full-levels against the standard 28-level distribution) with the top level at 50 hPa. Lastly, 10-m wind speed series were retrieved, with outputs recorded at hourly intervals, from which we derived monthly means for oceanic wind speed trend analyses. Detailed descriptions of both hindcast products including the model set-up, validation and climate characterization, are found in Menendez et al. (2014) . The land wind speed observations were not used in the assimilation data procedure of the reanalyses and therefore winds from the SeaWind datasets and the land wind speed observations are completely independent.
Because in-situ observed wind records over the ocean are generally scarce (only two buoys), we validated the SeaWind I and SeaWind II hindcast products against 10-m wind speed derived from the backscatter coefficient of a multi-mission and inter-calibrated altimeter dataset: i.e., Geosat, Topex/Poseidon, Jason-1, Envisat and Geosat Follow-On missions from 1992 to 2013. Satellite-SeaWind hindcast comparison was performed by: (1) selecting the corresponding simulated SeaWind value for each satellite observation; (2) aggregating the pairs of data to grid-boxes of 0.5 × 0.5°; and (3) estimating the bias and correlation from the samples of each grid-box. Figure 2 shows the good agreement between wind speed altimeter observations and SeaWind wind speed hindcasts with Pearson's correlation values higher than r 0.8, reaching values higher than r 0.9 for SeaWind II north of the Canary Islands and lower values (about r 0.7) southwest of the archipelago and closer to the African coast. Bias is lower than 1 m s −1 for SeaWind II with a slight underestimation bias for SeaWind I, particularly over the northwest region. Moreover, the SeaWind hindcast products show a better performance in reproducing wind vectors in comparison with its driving reanalyses (see Sect. 4.1 below). 
Atmospheric circulation indices
Three atmospheric circulation indices were chosen for a complete description of the interplay between them in modulating climate variability of near-surface wind speed. Firstly, we used Cropper and Hanna's (2014) trade wind (TW), a more regional circulation mode recently developed for the Macaronesia region. The TW Index (TWI) is retrieved as the station-derived normalized pressure between the Azores and Cape Verde and was directly supplied by Cropper and Hanna (2014) . Secondly, we analyzed the North Atlantic Oscillation (NAO; Jones et al. 1997 ) climate mode, with the station-based NAO index (NAOI) defined as the normalized sea level pressure between Gibraltar and Reykjavik as obtained from the Climate Research Unit (available online at https://crudata.uea.ac.uk/cru/data/nao/; last accessed 1 June 2017). Thirdly, and finally, we used the East Atlantic (EA) as the second leading climate mode of low-frequency variability covering the meridional positions of the centers of action in the North Atlantic, with the EA index (EAI) as a north-south dipole of anomaly center spanning the North Atlantic from east to west, similar to that shown in Barnston and Livezey (1987) . EAI was retrieved from the NOAA-NCEP at http://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml (last accessed 1 June 2017). The transects for these three atmospheric circulation indices in relation to the large-scale pressure systems (i.e., the Azores high, and the Icelandic and African lows) are shown in the Supplementary Figure S1 , denoting the complementarity in describing distinct atmospheric dynamics of each one because the different influence of these three major pressure systems. The combination of the three climate modes is crucial for better attributing wind speed variability to changes in large-scale atmospheric circulation at different time-scales.
Statistical methods
Station and hindcast (i.e., offshore grid-cells for both SeaWind datasets) time series were firstly expressed as wind speed anomalies (in m s −1 ) from the 1981-2010 mean; except for the common 1989-2014 extent (see below) when anomalies were computed for this 26-year period. Regional series were also computed by averaging wind speed anomalies for the eight land-based stations (i.e., except for the Izaña Atmospheric Observatory which was analyzed separately) and all grid points in the hindcast domain. Then, a linear regression analysis was applied between the series of time (independent variable) and the wind speed anomaly series (dependent variable) to retrieve the sign and magnitude of the wind speed trend. The slope of the linear regression model represents the wind speed trend in meters per second per decade (m s −1 dec −1 ). Multi-decadal variability of wind speed is illustrated by plotting a 15-year Gaussian low-pass filter.
To measure the degree to which a trend is consistently increasing or decreasing, we first accounted for the autocorrelation function of wind speed anomaly series (von Storch 1995) since significant autocorrelations may increase the probability of significant trends. A 1-month lag autocorrelation coefficient was applied on the series and there was no significant serial correlation beyond lag 0 at the p < 0.05 significant level; therefore, the commonly used pre-whitening procedure for removing autocorrelation was not applied. We then used the nonparametric correlation coefficient of Mann-Kendall's tau-b (Kendall and Gibbons 1990) to measure the statistical significance of annual, seasonal and monthly linear trends, as the tau-b test is more robust than parametric methods as it does not require normality of the data series (Lanzante 1996) . Moreover, the statistical significance of the trends is reported at three p level thresholds (significant at p < 0.05; significant at p < 0.10; and not significant at p > 10) following McVicar et al. (2010) and Azorin-Molina et al. (2014 to evaluate the uncertainty of wind speed estimated trends. Field significance of the detected significant trends at the 95% confidence level was evaluated by applying the Livezey and Chen (1983) and Wilks (2006) method to detect whether station or grid series with significant trends occurred by chance (Dadaser-Celik and Cengiz 2014). To quantify the statistical significance of trend differences between datasets the Clogg et al. (1995) test was used. Pearson's correlation coefficient (r) was employed to measure the relationship between the atmospheric circulation indices and the observed and dynamically downscaled wind speed anomalies. We primarily assessed annual and seasonal [defined as winter (DJF), spring (MAM), summer (JJA), autumn (SON)] trends, with some monthly analyses also presented to better discern interesting features of the intra-annual variability of wind speed trends.
We present trends for two time-periods: (1) 1948-2014 (i.e., 67 years) for SeaWind I; and (2) 1989-2014 (i.e., 26 years) for all observed and simulated datasets. The motivation to report wind speed variability over these two time spans lies in: (1) covering a historical longtime period never before explored for SeaWind I during 1948 SeaWind I during -2014 and (2) adding the novelty of simultaneously assessing wind speed trends at the land-ocean interface and below-above the TWIL for the common 1989-2014 period. For the land-observations, we also reported as complementary information variability and trends for . Figure 3 Figure 4 compares the annual wind climatology for SeaWind I and SeaWind II against their driving NCEP/NCAR and ERA-Interim reanalyses, respectively. Both SeaWind products reproduce 10-m mean wind speed and direction vectors with a much higher horizontal resolution than the reanalyses, capturing with detail the spatial features of north-easterly trade-winds driven by the Azores high pressure system over the Canary Islands and the surrounding Eastern North Atlantic Ocean. Among the four maps shown in Fig. 4 , the SeaWind II dataset better shows the characteristic features of wind because its higher horizontal resolution (15-km horizontal grid spacing); e.g., note the strengthening of wind speed occurred offshore due to the channelling effect between the islands which is missed by the reanalyses and poorly reproduced by the SeaWind I hindcast.
Results
Wind climatology
Therefore, Fig. 5 only looks at seasonal wind climatology for the SeaWind II product, also including mean wind statistics from land observations; Supplementary Figure  S2 shows monthly wind climatologies. Annually (Fig. 4) , mean wind speed ranges from ~6 to 9 m s −1 over the ocean, whereas over land (eight stations below the TWIL) complex surface roughness among other factors weakens wind speed to ~4-5 m s −1 . Seasonally (Fig. 5) , north-easterly trade-winds are higher in summer exceeding >10 m s −1 over oceans (~5-8 m s −1 over land), and weaker in winter-autumn oscillating around ~5-8 m s −1 for ocean (3-5 m s −1 for land). In contrast, the Izaña Atmospheric Observatory shows an opposite (stronger and weaker winds in winter and summer, respectively) and statistically significant negative correlations when compared to all other land stations (r ~ −0.5 to Figure S2) showing a clear strengthening of wind speed between the islands due to the acceleration of the flow ("venturi effect"; e.g., between Tenerife and Gran Canaria), and a weakening of wind speed on the leeward sides (i.e., south-western oceanic regions proximal to the islands) against the prevailing north-easterly trade-winds. Table 2 reports annual, seasonal and monthly wind speed trends for the various products using different time lengths, with 1989-2014 being the common period for comparison purposes. For SeaWind I (1948-2014) oceanic wind speed significantly declined annually and seasonally, except for winter when the weak declining trend is not significant. That is, major and significant declines occurred from April till October. This widespread slowdown of oceanic wind speed was not observed over land when analysing the much shorter 1981-2014 extent, with the eight stations below the TWIL revealing a slight but not significant annual, spring and summer increases, and winter and autumn declines. On a monthly basis we detected major and statistically significant declines in October, and more interestingly, a strengthening of trade-winds in May-June (also November). Above the TWIL at Izaña, wind speed trends showed an almost opposite pattern for the same 1981-2014 extent, exhibiting a statistically significant increase annually, being major significance in autumn and winter, and a lesser increase in spring and summer. This nearly opposite trend behaviour is noticeable at monthly basis, e.g. the most extreme negative trends of wind speed in Izaña occurred in May, when major positive trends were reported for the eight land stations below the TWIL, whereas most positive trends in Izaña occurred in September-October when the major and significant negative trends from the eight-station observations occurred below the TWIL.
Trends and multi-decadal variability of wind speed
This finding of opposite wind speed trend behaviour below and above the TWIL is clearly discernible when comparing the wind speed trends for all land and ocean datasets during the common 1989-2014 period. Both SeaWind I and SeaWind II exhibited almost identical wind speed trends, but with declines which are only statistically significant for SeaWind I annually and in spring and autumn, and for SeaWind II in autumn. A major finding when comparing trends across the land-ocean interface is that the land observations below the TWIL essentially resembled the reported trends over ocean with a correlation coefficient of r > 0.9 (p < 0.05) as shown in the Supplementary Figure S3 . The most interesting feature in the monthly variability of wind speed trends shown in Figure S3 (and Table 2 ) is the statistically significant decreases detected in April, and significant increase in May for land and ocean datasets below the TWIL. When looking above the TWIL, Izaña showed strong and statistically significant increases annually and for all seasons and months. The only exception is the negative trend found in May, which contrasts with the positive tendency reported for this month over land and ocean below the TWIL. The above mentioned opposite trend pattern below and above the TWIL is statistically significant (p < 0.05) and the reported wind speed trends at Izaña are negatively correlated with SeaWind I and SeaWind II (r −0.66) and 8-land series (r −0.57). Figure 6 displays the annual and seasonal wind speed anomalies for SeaWind I, SeaWind II, and the land observations below (eight stations) and above (Izaña) the TWIL; Supplementary Figure S4 shows monthly plots. The major feature is the strong agreement between land and ocean near-surface wind speed anomalies with significant (p < 0.05) correlation coefficients ranging between 0.7 and 0.9 for all time scales. This supports the quality and homogeneity of both hindcast over the ocean and the wind speed observations over land below the TWIL. In contrast, the correlation coefficients for Izaña with respect to the hindcast and observed series are weak and mostly negative, particularly in spring (March and April; r ~ −0.4) and autumn (September; r ~ −0.6). As shown by the 15-year Gaussian low-pass filter, annual long-term variability of wind speed in the subtropical Eastern North Atlantic Ocean showed four general phases: (1) an increase from 1948 to 1960; (2) a decrease from 1960 to 1990; (3) a slow recovery from 1990 to 1999; and (4) a steady decline since the 2000s. This general pattern shown by SeaWind I, and replicated for the periods of overlap in the SeaWind II and the observed 8-station series (which both start later than SeaWind I- Fig. 3) is not displayed at the higher elevation Izaña station, where wind speed first declined from 1981 till the early 1990s, and abruptly increased since them. Seasonally (and monthly), these identified phases and discrepancies below and above the TWIL (i.e., in trade-wind layer and the free troposphere, respectively) are well defined, being particularly evident by the opposite tendencies with declines below the TWIL and increases at Izaña in spring (e.g., April) and autumn (e.g., September), or increases below the TWIL and declines at Izaña in spring (e.g., May) during the last two-three decades. 
Spatial distribution of wind speed trends
Figures 7 (annual and seasonal) and 8 (monthly) report the spatial distribution of the sign, magnitude and statistical significance of oceanic wind speed trends for SeaWind ; Table S1 summarizes relative frequency statistics of both figures. The major finding of the multidecadal variability of wind speed is the noticeable dominance of declining trends at all time-scales, being statistically significant for most grid-cells annually and in spring, summer and autumn (i.e., from April till October). The only exception of this declining tendency is winter and between Most interestingly is to compare annual and seasonal ( Fig. 9) and monthly ( Fig. 10 ) differences between SeaWind I, SeaWind II and observations at the interfaces of land-ocean and below-above the TWIL for the common 1989-2014 extent; Table 3 summarizes relative frequency statistics. Annually (Fig. 9) , SeaWind I and SeaWind II showed a dominance of grid-cells reporting declining trends; the majority are significant for SeaWind I. For both hindcast products, more negative and significant wind speed trends are located in the leeward side of each island (i.e., south-western) against the prevailing north-easterly trade-winds due to the complex orography of the Canary Islands, especially Tenerife, Gran Canaria and La Palma. This predominance of wind speed declines over ocean is not observed at the land stations annually, where half of the stations below the TWIL had opposite increasing trends. It is noticeable the differences observed on Tenerife island where all three stations below the TWIL reported negative trends whereas Izaña (located above the TWIL in the free troposphere) had a statistically significant positive trend.
Seasonally (Fig. 9) , a distinct pattern with a dominance of grid-cells showing negative trends for winter, spring and autumn is found, with more declining wind speed trends being statistically significant for the latter season. A major finding when compared to the 1948-2014 extent shown in Fig. 8 , is the recent and widespread increase of wind speed found in summer for both SeaWind I and SeaWind II. Despite being not significant, the magnitude of these positive trends is much stronger for the ocean north of the Canary archipelago and between the islands due to the abovementioned "venturi effect" (e.g., between Tenerife and Gran Canaria). Moreover, the influence of complex orography on wind trends is markedly distinguishable in summer because the dominance of increasing trends is truncated by negative wind speed trend plumes for the south-westerly leeward sides against the north-easterly trade-winds in e.g., Tenerife, La Palma and along the shoreline of the African continent (see Fig. 9 ). For the land observations, an almost equal number of stations report increases and decreases in winter, spring and autumn, which contrasts the overall negative pattern encountered over ocean surfaces. The exception is summer, when eight of nine stations also reported increased but not significant wind speed trends in close agreement with the hindcast positive trends over the ocean.
The spatial variability of monthly oceanic wind speed trends from SeaWind II over 1989-2014 (Fig. 10) demonstrated four distinct phases throughout the year: (1) decreases between January and April; (2) increases between May and August; (3) decreases in September and October; and (4) a predominance of increases in November and December. During the declining phase found in (1), wind speed showed the strongest and statistically significant downward trend in April. This declining trend pattern was broken in (2) with a sudden and significant strengthening of wind speed during the spring-summer period, particularly in May, whereas in phase (3) negative trends (significant in September) dominated across the entire ocean domain. Lastly, in (4) mostly positive with some few negative but not significant trends occurred in November and December. Looking at these monthly trends over land, the sign and magnitude of terrestrial wind speed trends is roughly in agreement with those four phases reported over the ocean as shown in Table 3 and Table S2 , again with the exception of the mainly opposite behaviour found in Izaña above the TWIL.
Influence of atmospheric circulation on wind speed variability
The analysis of the series of the atmospheric circulation TWI, NAOI and EAI shows significant correlations in explaining the variability of wind speed over land and ocean, revealing that the correlation patterns of these three indices show a spatial and temporal complementarity in shaping wind speed trends across the Eastern North Atlantic region. Even though annual correlation values ( Fig. 11 ; Table 4 ) mask key seasonal wind speed responses to changes in atmospheric dynamics and therefore are mainly weak and non-statistically significant for large areas, some complementarity features of the impact of these indices can be retrieved. To summarize: (1) the regional TWI exerted a widespread positive and significant relationship, also highlighting its positive influence on wind speed variability above the TWIL in Izaña; (2) the NAOI drove fluctuations of wind speed with a positive sign over the southern half part of the studied land-ocean domain with the exception of a strong negative correlation with Izaña; and (3) the EAI displayed a contrary negative and significant relationship over the northern half region with an opposite positive relationship in Izaña. Therefore, these overall annual correlation maps, some of them displaying negligible relationships, generally indicate that the response of wind speed variability is better explained by the combination of the three circulation indices, which is confirmed in the seasonal maps shown below.
In Fig. 12 the TW positively influenced much of wind speed variability for SeaWind I mainly in winter, and secondarily in summer (much over the south-western region) for 1948-2014, reinforcing this widespread positive and significant correlation of the TWI across the ocean for all seasons (particularly in spring, summer and autumn) during the common 1989-2014 extent. Above the TWIL, the response of wind speed variability to the TWI is only positive and statistically significant in summer. Looking at the long-term tendency of atmospheric circulation indices can help to partially explain the reported trends. For 1948-2014, the TWI has become much positive for all seasons (Table 5) , meaning a strengthening of trade-winds. However, wind speed declined for the historical period which might explain the weak relationship shown in Fig. 12 . For the recent 1989-2014 period, the TWI has tended to be more positive particularly in summer, which likely explains the strengthening of trade-winds for land and ocean during this season, whereas the no-trend of the TWI particularly in winter and spring might explain the weakening of wind speed in both seasons.
The influence of the main synoptic mode of atmospheric circulation and climate variability in the Atlantic Ocean, i.e., the NAO, is also noticeable across the subtropical Canary Island archipelago. The response of wind speed variability to the NAOI is most remarkable when analysing seasonal correlation maps (Fig. 13) , displaying a widespread and statistically significant positive relationship for winter, spring and autumn over 1948-2014. For the common 1989-2014 extent, these significant positive correlations are mainly observed in winter and autumn over ocean (non-significant for most land stations) and basically over the southern half of the region, highlighting the opposite negative and statistically significant relationship observed in winter and spring for the free troposphere Izaña station. Moreover, the decadal trend of the NAOI shows a significant decline in autumn over 1948-2014 (Table 5 ) which matched the decline in wind speed, while its positive but not significant decadal trend in winter might drive the weak decline or even increase of wind speed in this season. Furthermore, the recent negative but not significant tendency of the NAOI in winter and spring for 1989-2014, meaning suppressed trade-winds and more frequent cyclonic circulations might account for the decline of wind speed over the land-ocean environmental boundary and the strengthening of wind speed in the free troposphere at Izaña.
Lastly, the large-scale EA is complementary to the NAO on the wind speed variability in winter (also in autumn for 1948-2014), displaying negative and significant correlations over the northern half ocean region (Fig. 14) ; this relationship is negligible over land stations. Nevertheless, the major finding of the influence of EA on wind speed variability occur in summer, with a strong and significant correlation signal switching to positive for both land-ocean environments below the TWIL. Because the major influence of the EA on wind speed variability occurred in summer, the positive and significant decadal trend of the EAI is in summer (Table 5) , which is associated with a reinforcement of trade-winds circulations, might partly explain the observed strengthening of north-easterly wind circulations in this season.
Discussion
This study filled a gap in the global map of wind speed trends compiled by McVicar et al. (2012) , reporting multidecadal variability of wind speed for the previously nonstudied Canary Island archipelago and the surrounding Eastern North Atlantic Ocean, for 1948 Ocean, for -2014 . Under the influence of global warming, the poleward expansion of the Hadley circulation (Lu et al. 2007 ) and the stilling phenomenon (Roderick et al. 2007 ) mostly observed in midlatitude regions (Vautard et al. 2010; McVicar et al. 2012) , this region represents a 'hot-spot' because it is halfway between tropical and subtropical areas and is dominated by trade-winds associated with the subtropical high pressure belt (i.e., Azores anticyclone). The primary uniqueness of this research was to simultaneously analyse wind speed variability: (1) at the land-ocean interface, to prove differences between both environments; and (2) below-above the TWIL, to demonstrate a decoupling of wind speed variability and trends between atmospheric layers.
The reported wind speed trends from the 1980s onward (particularly for the common 1989-2014 extent), are in close agreement with recent findings observed in proximal subtropical regions (e.g., Azorin-Molina et al. 2014, 2016 for Spain and Portugal) . For instance, a distinct seasonal trend pattern with a strengthening (late spring and summer), and weakening (winter-spring-autumn) of wind speed across both land and ocean surfaces below the TWIL was reported. ) and the (a) TWI, (b) NAOI and (c) EAI for SeaWind I (1948 SeaWind I ( -2014 SeaWind I ( and 1989 SeaWind I ( -2014 , SeaWind II (1989 ), eight low-elevation landstations (1989 and Izaña (1989 Izaña ( -2014 Even though few of the trends in Table 2 computed from the mean anomaly series are statistically significant for 1989-2014 (except for Izaña), the spatial distribution of the trends for every oceanic grid-cell and the land-based stations clearly demonstrated where winds have significantly increased (particularly in May and August) or decreased (particularly in April and September) during recent decades. For the longer 1948-2014 period, SeaWind I reported significant declining trends for annual, seasonal and monthly time-scales. Despite the use of stable data assimilation systems in production of global reanalyses that in general produced fairly reliable records generally (Trenberth and Smith 2005) , reanalysis products have shortcomings in capturing near-surface winds, as many surface layer processes controlling wind are not adequately represented (McVicar et al. 2008; Pryor et al. 2009; Vautard et al. 2010) . SeaWind I hindcast showed a good performance when verified against in-situ buoy wind speed measurements over ocean (Menendez et al. 2014 ) and altimeter satellite observations (Fig. 2) , yet it is possible that boundary and initial conditions from NCEP/NCAR reanalysed wind speed could have been positively biased (particularly during the 1950s and 1960s when limited ground-network and no satellite observations were used in the reanalysis modelling) and, therefore, resultant long-term 1948-2014 trends are negatively biased. Moreover, Menendez et al. (2014) concluded that SeaWind II (driven by ERA-Interim reanalysis) showed better performance in simulating oceanic wind fields across the entire Mediterranean Sea than SeaWind I (driven by NCEP/NCAR reanalysis). However, differences found by Menendez et al. (1948-2014 and 1989-2014) , SeaWind II (1989 , and nine land-based observations (for 1989-2014 only) . The dots located in the centre of the grid-cells and squares (for observations) show the statistical significance of the trends at p < 0.05 (large dots) and p < 0.10 (small dots) (2014) were not large, as we also confirmed here when computing trends for the common 1989-2014 period. Therefore, the potential value of SeaWind I resided in spanning 67 years with high spatial resolution, as Sotillo et al. (2005) and Menendez et al. (2014) stated. Here we reported oceanic wind speed variability over the Eastern North Atlantic Ocean with higher horizontal resolutions (i.e., spacing of 30 and 15 km for SeaWindI and SeaWindII, respectively) than global wind speed trends presented by e.g., Wentz et al. (2007; 250 km) for 1987 -2006 , and Tokinaga and Xie (2011 400 km) and Young et al. (2011; 200 km) for 1988 . In comparison to these studies which reported increasing global ocean wind speed trends, the SeaWind I and SeaWind II hindcast products reported annual declined wind speed trends around the Canary Islands for 1989-2014, with the abovementioned distinct seasonal trend pattern. In any case, the comparison of the sign, magnitude and statistical significance of trends against previous studies is difficult to achieve because values are strongly sensitive to the start date and study period (McVicar et al. 2010; Troccoli et al. 2012) .
This research revealed that across the land-ocean interface below the TWIL no statistically significant differences in the wind speed trends were found. This contrasts with the overall discrepancy in reported near-surface wind speed trends over land (i.e., negative trends; McVicar et al. 2012) and ocean (i.e., positive trends; Young et al. 2011) , partly attributed to an increase in land-surface roughness (i.e., forest growth, land use changes and urbanization) as initially reported by Vautard et al. 2010 , and recently confirmed by others (Bichet et al. 2012; Wever 2012; Wu et al. 2016) . The lack of differences at the land-ocean interface below the TWIL may be due to the relative small area covered by the seven main islands comprising the Canary Islands archipelago (totalling 7446 km 2 of the 235,556 km 2 covered by Fig. 13 The same as Fig. 12 but for the NAOI both the SeaWind I and SeaWind II hindcast products), and most importantly, that wind speed observations were measured in well-exposed sites (i.e., airports) with few proximal environmental changes (e.g., urbanization) during last three decades.
However, it is noticeable that heterogeneity is a characteristic feature in the sign and magnitude of wind speed trends within the Canary Islands archipelago, with trend differences between land stations and when compared to the surrounding ocean because the role of local or regional Table 5 Annual and seasonal trends of TWI, NAOI and EAI for 1948 and for 1989 Values are expressed as standardized sea level pressure difference. Statistically significant trends were defined as those where p < 0.05 (in bold and in parenthesis) and p < 0.10 (in bold) 1948-2014 1989-2014 1948-2014 1989-2014 1948-2014 1989-2014 features (e.g., surface roughness; Wever 2012) against prevailing wind flows (Griffin et al. 2010) . Therefore, even though the role of surface roughness (Vautard et al. 2010) on the global decline of wind speed over land when compared to the ocean surfaces has not been observed in this study, both simulations and observations revealed that local features play a key role in the reported trends (confirming results of Vautard et al. 2010; Griffin et al. 2010; Wever 2012) . For example, high-spatial resolution hindcast products, particularly those downscaled from SeaWind II at 15-km horizontal grid-spacing, demonstrated the orographic effects of the Canary Islands on small-scale atmospheric processes in ocean winds (Chelton et al. 2004) . In that sense, strengthening (i.e., "venturi effect" in the channels between the Canary Islands) and weakening (i.e., leeward side of the islands) of wind speed is clearly detected for the ocean close to the coastline, with direct impact on the reported trends. This confirms the results found by Menendez et al. (2014) for the Mediterranean Sea basin. Concerning the wind speed variability at the high-elevation Izaña Atmospheric Observatory (above the TWIL), a decoupled wind speed tendency was found when compared to stations below the TWIL. The statistically significant opposite trends (and of greater magnitude) were detected when compared to those from both the ocean and land datasets below the TWIL. This decoupled behaviour is very likely driven by the different altitude-dependent atmospheric dynamics prevailing in both layers, with dominant northeasterly below the TWIL and north-westerly synoptic flows above the TWIL (Cuevas et al. 2013 ). The increasing wind speed trend of trade-winds in late spring (e.g., May) and summer (e.g., August) is likely linked with the increasing tendency towards positive phases experienced by the TWI and the EAI during summer, while above the TWIL (i.e., in the free troposphere), wind speed at Izaña is negatively and significantly correlated to the NAO, mainly in winter and spring, confirming Cuevas et al.'s (2013) findings. Therefore, the tendency of the NAOI towards a more negative phase (mainly in winter and spring) during 1989-2014 would result in a higher frequency of extratropical storms affecting subtropical latitudes, and thus in the increasing wind speed trend observed at Izaña. Moreover, the dominant positive tendency of wind speed observed in the mountainous Izaña station contrasts with results from McVicar et al. (2010) , who showed that near-surface wind speeds are declining more rapidly at higher elevations than lower elevations as partly attributed to the observed increasing altitude of the tropopause (Santer et al. 2003) . This reveals the limited knowledge about changes in wind speed in high-elevation (i.e., mountains) and high-altitude (i.e., atmosphere) regions (both within and above the boundary layer), and highlights the need for assessing wind variability at different levels of the troposphere and latitudes across the globe (for both terrestrial and oceanic environments).
Lastly, to better assess trends/cycles and understand causes explaining changes in wind speed (e.g., the global stilling phenomenon; McVicar et al. 2012 ) near-future studies will focus on rescuing and homogenizing the longest observed wind speed time series, and to create more reliable datasets than previously available. The STILLING project (http://cordis.europa.eu/project/rcn/201175_en.html; last accessed 1 June 2017) is currently rescuing the longest wind speed series (starting prior to the 1960s) with the aim to provide a unique opportunity to statistically assess trends and cycles and atmospheric causes on longer time periods and with more reliable datasets than in previous studies. For the Canary Island archipelago, efforts are currently focused on rescuing, digitizing and homogenizing land wind speed observations since the mid-1910s (e.g., raw records in Izaña begins in 1916), and the STILLING project is open to collect and quality control historical wind speed observations (prior to the 1960s until now) from stations and Institutions around the world. Understanding past wind speed variability will help to better evaluate: (1) past significant declining trends showed in this study from the SeaWind I hindcast for 1948-2014; and (2) future projections of wind speed under a global warming scenario, in which Ma et al. (2016) has recently predicted an increase of near-surface trade-winds over the Eastern North Atlantic region for the twenty-first century.
Conclusion
Based on the analysis above, the following overall findings can be drawn:
1. SeaWind I revealed a widespread significant decline of near-surface oceanic wind speed for all time-scales for 1948-2014. For the common 1989-2014 period all SeaWind I, SeaWind II and the eight land stations below the trade-wind inversion layer showed no significant trends annually, but displayed a distinct seasonal pattern with a strengthening (late spring and summer; significant in May and August) and weakening (winter-springautumn; significant in April and September) of tradewinds. Above the trade-wind inversion layer in Izaña, free troposphere winds tended to significantly increase for almost all time-scales analysed. 2. Land observations resembled the same multi-decadal variability simulated over ocean, with a statistically significant agreement of the wind speed trends at the land-ocean interface below the trade-wind inversion layer. Above this inversion layer in Izaña, a decoupled variability and significant opposite trends of winds compared to those observed in the boundary layer (i.e., below the trade-wind inversion layer) were found. 3. The TWI, NAOI, and EAI are significantly correlated with wind speed variability, denoting the key role played by changes in large-scale atmospheric circulation. The correlation patterns of these three atmospheric circulation indices showed a spatial and temporal complementarity in shaping wind speed trends: TWI (positive across the whole domain in spring, summer and autumn), NAOI (positive over the southern-half region in winter and autumn; negative in Izaña in winter and spring) and EAI (negative over the northern-half region in winter and autumn and positive across the whole domain in summer).
